Introduction
Post-translational modifications (PTMs) control the function of many proteins and are crucial to the regulation of many cellular processes, as exemplified by the role of phosphorylation in signaling. The reversible addition of a small phosphate group to protein substrates allows the propagation of information through multiple mechanisms, including activation/deactivation of the enzymatic properties of phosphorylated substrates, regulation of their subcellular localization, and their recognition by specific domains present in partner proteins (Seet et al, 2006) . In another instance of PTM, a more complex molecule, ubiquitin (Ub), is appended by E3 ligases to a multitude of substrates, thereby modulating their function, localization and protein/protein interaction abilities (Mukhopadhyay and Riezman, 2007; Ravid and Hochstrasser, 2008) . Deubiquitinating enzymes (DUBs) revert Ub conjugation, thus ensuring a dynamic equilibrium between pools of ubiquitinated and deubiquitinated proteins (Amerik and Hochstrasser, 2004) . Particularly relevant to signaling is the ability of the Ub modification to induce de novo protein/protein interactions, similarly to phosphorylation, through the recognition of ubiquitinated proteins by proteins harboring Ub-binding domains (Hicke et al, 2005; Hurley et al, 2006) . This mechanism sits at the heart of several signaling cascades (Mukhopadhyay and Riezman, 2007; Woelk et al, 2007; Chen and Sun, 2009) , and is tightly controlled within the cell by endogenous and exogenous signals, such as DNA damage and growth factor stimulation, respectively (Chen and Sun, 2009) .
In this latter instance, one of the best-characterized model systems is represented by the epidermal growth factor (EGF)induced pathway. Upon EGF stimulation, a variety of proteins are subject to Ub modification. These include the EGF receptor (EGFR), which undergoes both multiple monoubiquitination (Haglund et al, 2003) and K63-linked polyubiquitination , as well as components of the downstream endocytic machinery, which are modified by monoubiquitination (Polo et al, 2002; Mukhopadhyay and Riezman, 2007) . The impact of ubiquitination on receptor internalization, intracellular sorting and ultimate metabolic fate has been characterized in detail for various receptors, including the EGFR (Acconcia et al, 2009) .
Little is known, however, about the wider impact of EGFinduced ubiquitination on cellular homeostasis and on the pleiotropic biological functions of the EGFR. A decisive step in this direction would be the acquisition of the repertoire of proteins that are ubiquitinated upon EGF stimulation; i.e., the EGF-Ubiproteome. This study was undertaken to address this issue. Recent advances in quantitative mass spectrometry have allowed the study of PTMs on a global scale (Jensen, 2006; Choudhary et al, 2009) . In this study, we combined two different purification procedures with high resolution, high accuracy MS, coupled to an efficient quantitation strategy, to obtain the first view of the EGF-induced Ubiproteome.
Results

Purification of Ub-conjugated proteins
Owing to the low abundance and labile nature of ubiquitinated proteins, the most critical step in their identification is the enrichment and purification procedure. This is particularly relevant in our case, as we are interested in the EGF-induced Ubiproteome. Under these conditions, ubiquitination is a rapid, dynamic process, and ubiquitinated substrates are present in the cell at low stoichiometries and in a time-limited manner. To maximize the recovery of ubiquitinated substrates, therefore, we used an integrated approach based on two different purification strategies and two cellular model systems (see schematic representation in Supplementary Figure S1 ).
In the first purification scheme, a mouse monoclonal antibody (FK2) that recognizes both mono-and polyubiquitinated species, but not free Ub, was used to immunopurify ubiquitinated proteins from HeLa cell lysates. This approach (hereafter, the 'endogenous' approach) allows the purification of proteins modified by endogenous Ub, in the absence of any manipulation of the cellular system (see Supplementary information and legend to Supplementary Figure S1 for details).
In an alternative strategy (hereafter, the tandem affinity purification 'TAP' approach), we exploited TAP. We developed a tandem affinity tag, consisting of a hexahistidine and a FLAG sequence fused to Ub (FLAG-His-Ub). This construct was transfected into B82L-EGFR cells, a mouse fibroblast cell line expressing human EGFR that has been widely used to study EGF-dependent signaling (Chen et al, 1989) . The TAP method should allow the isolation of highly purified ubiquitinated proteins, as fully denaturing conditions (8M urea) are used, which dissolve most weak protein/protein interactions.
To overcome possible non-physiological and/or toxic effects of the overexpression of Ub (Tagwerker et al, 2006) , we chose a TET-on inducible system (see Supplementary information for details). The level of expression of tagged Ub at different time points was assessed by immunofluorescence and immunoblot analysis ( Figure 1A and B ). Detection of high-molecularweight Ub signals confirmed that the tagged Ub is functional and is conjugated to proteins ( Figure 1B ). Tagged Ub was expressed at one-tenth of the level of endogenous Ub ( Figure 1C ), sufficient to maintain the inducibility of the EGF-mediated process, as monitored by monoubiquitination of Eps15 ( Figure 1D and Supplementary information). Finally, B82L-EGFR cells overexpressing FLAG-His-Ub displayed the same growth rate as untransfected cells (data not shown), indicating that the expression of the tagged Ub had no major toxic effect. We note that the 'endogenous' approach and the 'TAP' approach are not directly comparable as they are performed in different cellular systems. This was due to our inability to select a stable HeLa cell line expressing this tagged version of Ub. However, we reasoned that the use of a second cellular system, which differs both in terms of species and of tissue origin, might in some respects be advantageous, as it could lead to the identification of a common repertoire of ubiquitinated substrates.
For both approaches, the purification procedure was carefully set up and the yield was calculated to be 8% for the 'endogenous' approach and 20% for the 'TAP' approach (see Supplementary information and legend to Supplementary Figure S1 for details). Representative quality control experiments are presented in Figure 1E -H.
Of note, we performed a mock purification for the 'endogenous' approach by omitting the FK2 Ab in the purification scheme, and an I-DIRT experiment in the case of the 'TAP' approach (see 'control endogenous' and 'I-DIRT TAP' sheets in Supplementary Table S1 and Supplementary Figure  S2) . These experiments were used to filter out proteins that were non-specifically recovered during the purification procedures (see Supplementary information for details).
Identification of steady-state Ubiproteomes
Our ultimate goal was the identification of the EGF-induced Ubiproteome. Thus, we employed high resolution, high accuracy MS (Olsen et al, 2005) combined with stable isotope labeling with amino acids in cell culture (SILAC) (Ong and Mann, 2006) to distinguish the EGF-dependent ubiquitination events from the high background of steady-state ubiquitinated proteins. This strategy allowed the identification and quantitation of the steady-state HeLa and B82L-EGFR Ubiproteomes and the specific EGF-Ubiproteomes in a single experiment. We chose a single time point of EGF stimulation (10 min), and performed three biological replicates of both the 'endogenous' and the 'TAP' purifications. Remarkably, 73.2% (endogenous) and 85.2% (TAP) of proteins were identified in at least two experiments, indicating a high level of reproducibility. Experiment size and features are reported in Supplementary Table S1 and in Supplementary Figure S2 .
As an initial step in our analysis, we employed a multilayered strategy to define the size and specificity of the identified Ubiproteomes (Figure 2A ). To obtain 'high-confidence data sets' of quantified proteins, we adopted four filtering criteria described in detail in the Experimental Procedures. By these criteria, from 11 722 non-redundant (NR) peptide sequences (corresponding to 1765 proteins)
The EGF-induced ubiquitination network E Argenzio et al identified in the endogenous approach, we assembled a SILACbased proteome comprising 1175 unambiguously identified and quantified proteins (Figure 2A and Supplementary Table  S1 ). In the case of the TAP approach, we unambiguously identified 582 proteins (from 3173 NR peptides, corresponding to 744 proteins; Figure 2A and Supplementary Table S1 ). In both cases, the identification of short-lived proteins and monoubiquitinated proteins demonstrates that the two B82L-EGFR cells induced for 48 h with doxycycline were stimulated with EGF (100 ng/ml) for 10 min or left untreated. Total cell lysates were analyzed by IB with the indicated antibodies before mixing them (1:1) for the purification (E). Aliquots from each step of the purification procedure were analyzed by IB with anti-FLAG antibody. The amount of loaded samples is expressed as % of total sample volume (F). (G, H) Quality control of a representative 'endogenous' purification (experiment FW2, see Experimental Procedures and Results). Lysates from EGF-treated (100 ng/ml, 10 min) or untreated HeLa cells were analyzed as in E (G). The purification procedure was controlled as in F, except that an anti-Ub antibody (P4D1) was used (H). Note that the EGF-induced increase in the total ubiquitinated protein content is not proportional to the increase in protein tyrosine phosphorylation. This is expected as the vast majority of Ub-modified species in the cell is represented by constitutively ubiquitinated proteins, destined to proteasomal degradation. The EGF-induced ubiquitination network E Argenzio et al strategies are effective. In addition, the retrieval of nuclear proteins together with histones argues for the efficiency of the solubilization procedure. This said, we acknowledge that the identified Ubiproteomes are unlikely to represent the full repertoire of ubiquitinated proteins found in mammalian cell, although they are the most complete set of ubiquitinated proteins identified so far (Supplementary Figure S3 ). To validate our Ubiproteomes, we tested several candidates by direct immunoprecipitation (IP; Figure 2B and Supplementary Figure S3 ). On the basis of these results, we estimated a falsepositive rate of B5% for the 'endogenous' approach (2 out of 38 tested candidates were not validated by IP) and B3% for the TAP approach (1 out of 30 candidates was not validated, see legend to Supplementary Figure S3 for details). The non-validated proteins possibly represent the fraction of Ub-interacting proteins copurified during the procedure, as they were absent in the control purifications ( Supplementary Table S1 ).
We also analyzed the overlap between the endogenous and the TAP Ubiproteomes. One limitation of our study is that the two approaches were optimized in two different cell types. Nevertheless, 284 proteins were identified in common between the two approaches (P¼2.22 Â10 À176 , Figure 2A and Supplementary Table S1 ). This high degree of overlap is remarkable given that the two cellular settings are very different (a human cervical cancer cell line versus a mouse fibroblast cell line).
Of note, we identified 31 ubiquitination sites in 21 target proteins, some of which were previously unknown. The complete list of identified sites is shown in Supplementary  Table S1 . A representative instance of these findings is the E2-conjugating enzyme Ubc13, for which the same modified K was found in both the human and the mouse cell line ( Figure 2C and D, see also legend to Supplementary Table S1 for details).
The EGF-Ubiproteome
We next exploited the quantitative information embedded in the SILAC data to identify the EGF-regulated Ubiproteome. Protein quantitation was performed automatically using MaxQuant, as described previously (Cox and Mann, 2008) . Ratios for proteins were determined as the median of all measured peptide ratios for a given protein, to minimize the effect of outliers (Supplementary Figure S4 ). To identify proteins that were most significantly regulated by EGF, we employed a stringent three-tiered selection process. Starting from the two steady-state Ubiproteomes, we discarded proteins with a P-value 40.1 (Significance B, see Cox and Mann, 2008 ) and a coefficient of variability 410 (filter A in Figure 3A , see Supplementary information for details). Finally, we applied a manual curation step selecting only those proteins displaying the same trend of regulation in the experimental replicates (filter B, Figure 3A ). Additionally, we verified that protein levels did not change upon EGF stimulation in the whole proteomes (Supplementary Figure  S5 ). By these stringent criteria, we concluded that B15% of the steady-state Ubiproteome was EGF regulated at 10 min after stimulation; 176 of 1175 proteins in the endogenous approach and 105 of 582 proteins in the TAP approach ( Figure 3A and Supplementary Table S2 ). Interestingly, both hyper-and hypoubiquitinated proteins were detected (134 hyper-and 42 hypoubiquitinated in the endogenous approach, 58 hyper-and 47 hypoubiquitinated in the TAP approach; Figure 3B and C and Supplementary Table S2 ), indicating that EGFR-mediated signaling can modulate the Ub network in both directions. This finding is supported by the presence of both ubiquitinating and deubiquitinating enzymes in the EGF-Ubiproteome (see below).
The major limitation of our study is that our EGF-Ubiproteomes were not time resolved. Indeed, while we identified virtually all proteins known to be ubiquitinated upon EGF stimulation in both Ubiproteomes, only 16 out of 92 proteins were commonly classified as regulated at 10 min of EGF stimulation (when the proteomic analysis was performed). Of these, 14 proteins (10 hyperubiquitinated and 4 hypoubiquitinated) were regulated in the same direction in both approaches ( Supplementary Table S1 ). Twenty-seven additional proteins were found to be regulated only in the endogenous approach (24 hyperubiquitinated and 3 hypoubiquitinated), while 49 additional proteins were identified only in the TAP approach (23 hyperubiquitinated and 26 hypoubiquitinated; see Supplementary Table S1 ). While cellular specificity may account for some of these variations ( Figure 3A) , different kinetics of ubiquitination in the two cellular systems might also affect the extent of the overlap. As a case in point, the endocytic adaptor protein Eps15 is ubiquitinated following EGF stimulation (Polo et al, 2002) . Eps15 was present in the B82L-EGFR (TAP) but not in the HeLa (endogenous) EGF-Ubiproteome ( Supplementary Table S2 ). Immunoblot analysis revealed that the kinetics of Eps15 ubiquitination upon EGF stimulation differed in the two cellular systems: at 10 min Eps15 was ubiquitinated in B82L-EGFR, but not in HeLa, cells ( Figure 3D ). Similar results were obtained for Rabex-5 and Hgs (data not shown).
The concept that the two EGF-Ubiproteomes might represent different time-resolved snapshots of the same network in two cellular systems is further supported by results derived from protein ontology analysis. We classified the EGFregulated Ubiproteomes by PANTHER (Protein ANalysis THrough Evolutionary Relationships; Wiesner et al, 2007) , and analyzed the enrichment of ontology terms. We identified 29 biological process (BP) terms as enriched (P-value o0.05) in the endogenous data set and 17 BP terms in the TAP data set ( Figure 3E and F). Nine identical and three closely related BP terms were found in both EGF-Ubiproteomes: 41 and 70% of BP terms in the endogenous and TAP Ubiproteomes, respectively (reported in bold in Figure 3E and F). Therefore, regardless of the different experimental strategies employed and, more importantly, of the different experimental models, the two EGF-regulated Ubiproteomes show a high level of conservation in the cellular mechanisms that they represent.
Chain topology of the EGF-regulated Ubiproteome
To evaluate possible changes in the relative abundance of the different chains upon EGF stimulation, we quantified the Ub 'signature' peptides by SILAC (see Meierhofer et al, 2008 and Supplementary Table S3 ). With the TAP approach, MS analysis revealed an increase in the K63-, K11-and K6-chain modifications after EGF stimulation ( Supplementary Table S3 and Supplementary Figure S6 ), whereas with the endogenous approach only K63 linkages accumulated, although to a lesser degree ( Supplementary Table S3 , see its legend for details). A possible explanation for this discrepancy is that the tagged Ub could affect the activity of specific E3s or DUBs, due to the extra N terminus present in the molecule. This would cause indirect changes in the level of specific chain linkages. To evaluate this possibility, we quantified the Ub 'signature' peptides before and after FLAG-His-Ub induction. No significant changes were evident when comparing the two conditions, indicating that, at least in our controlled settings, the expression of tagged Ub per se does not change the level of specific Ub chains (Supplementary Figure S7) .
These initial, yet not conclusive, results prompted us to validate the MS analysis using the recently developed K48 and K63 linkage-specific antibodies (Newton et al, 2008 The percentage enrichment, based on the ratio between the number of SILAC proteins and the total number of proteins grouped in each term, is plotted on the right y axis (red histograms). The expected enrichment (gray histograms) is obtained from the ratio between the total number of genes in the term and the total number of genes in the genome. The statistical significance between observed and expected enrichments (scattered line) was determined by Fisher's exact test and is plotted on the left y axis as Àlog 10 of P-values; the higher the value, the more significant the enrichment (Àlog 10 of P¼0.05 is 1.30). In bold, the 12 pathways found in both EGF-Ubiproteomes (three are closely related: protein/amino-acid biosynthesis; intracellular/other intracellular protein traffic; fatty acid biosynthesis/fatty acid and steroid metabolism).
Figure 4 EGF induces K63-specific ubiquitination. (A) HeLa cells grown on coverslips were serum-starved for 4 h and treated for 10 min at 371C with rhodamine-EGF (0.5 mg/ml, red) or left untreated (left panels). Ub (green) was detected with the FK2 antibody that recognizes both mono-and poly-Ub (upper panel) or antibodies that specifically recognize K63-or K48-linked Ub chains (middle and lower panels, respectively). Confocal images are shown. Blue, DAPI staining. Bar, 18 mm. (B) Lysates (1 mg) from HeLa cells stimulated with EGF (100 ng/ml) for the indicated times were subjected to IP with K63-Ub or K48-Ub-chain-specific antibodies or the FK2 antibody. IPs and lysates (50 mg/lane) were IB with the indicated antibodies. P4D1 antibody was used for the anti-Ub IB. Asterisk, unspecific band. Note that both spliced forms of Nedd4L appear to be ubiquitinated. colocalization was visible with the K48-specific antibody ( Figure 4A ). The FK2 antibody, which recognizes all types of poly-Ub chains equally well (Supplementary Figure S8) , displayed an intermediate phenotype ( Figure 4A ). We then assessed some validated hits from our EGF-Ubiproteome by IP with linkage-specific antibodies and immunoblot analysis. Upon EGF stimulation, EGFR is almost exclusively modified by K63-linked chains ( Figure 4B ), in agreement with previous findings . Cbl, which is degraded upon EGF stimulation (Magnifico et al, 2003) , is also strongly modified by K63 chains (Figure 4B) . Notably, we also validated two novel EGF-induced ubiquitinated targets, namely, Nedd4L and SLC3A2, and showed that they carry almost exclusively K63-linked chains ( Figure 4B) . These results strengthen the idea that K63 might not only be the preferred signal for receptor internalization as previously suggested (Lauwers et al, 2010) , but also be the major Ubbased signal transmitted by the active EGFR.
Network analysis of the EGF-regulated Ubiproteome
To obtain a higher-resolution molecular picture of the EGFregulated Ub network, we analyzed the NR-EGF-Ubiproteome (265 proteins, Supplementary Table S2 ) through the Ingenuity Pathways Knowledge Software (Ingenuity s Systems, http://www.ingenuity.com) and looked for enrichment of canonical pathways. We identified 85 proteins that were significantly enriched in 39 pathways (P-value o0.05, Fisher's exact test), of which 13 pathways (67 proteins) remained significant after multiple test correction (P-value o0.05, Benjamini and Hochberg False Discovery Rate; Figure 5A ). In addition to well-established liaisons (such as those with clathrin and caveolar endocytosis, or virus entry pathways), the EGF-Ubiproteome intersects many circuitries of intracellular signaling, suggesting crosstalk between EGFR-activated pathways and other signaling pathways through the Ub network.
We further organized the EGF-Ubiproteome into distinct interaction networks through the Ingenuity Pathways Knowledge Software to predict how the Ub modification might influence the molecular crosstalk between proteins that interact biochemically and/or genetically. The proteins of the EGF-Ubiproteome are grouped into 30 networks, of which 11 reached statistical significance (Po0.0001, random permutation test, Figure 5B ). Interestingly, unsupervised clustering of these 11 networks, based on the number of common proteins, revealed two main clusters (C1 and C2, Figure 5B ). Functional annotation of molecules in these networks through the Molecular Signature Database (MSigDB) (Subramanian et al, 2007) revealed that cluster C1 is enriched in proliferation and inflammation signatures, whereas cluster C2 contains networks enriched in apoptosis, adhesion and cell cycle signatures. Interestingly, network 1 does not belong to any cluster (i.e., no proteins are shared with other networks) and is specifically enriched in ribosomal proteins (see Figure 5B and Supplementary information for details).
The ability of EGF-Ubiproteome proteins to nucleate clusters of interactions involved in diverse functions suggests that these proteins might act as organizational 'hubs', proteins that can establish multiple protein/protein interactions and thereby regulate the organization of networks. This is indeed the case, as proteins of the EGF-Ubiproteome displayed significantly higher connectivity than randomly generated lists of proteins (5000 lists were tested; Figure 5C and Supplementary Table S3 ). In total, 65 hubs (defined as proteins with X5 interactors) were identified in the EGF-Ubiproteome ( Supplementary Table S3 ). Among them, Hgs and Cbl, which have already been demonstrated to be critical for many intracellular signaling networks (Schmidt and Dikic, 2005; Zwang and Yarden, 2009 ), displayed the highest connectivity.
Intersection of the EGF-induced Ubi-and phosphotyrosine proteomes
EGF binding to its receptor triggers a series of phosphorylation events that culminates in transcriptional activation and the mitogenic response. Proteins that undergo EGF-triggered phosphorylation have recently been described in three EGFinduced phosphotyrosine (pY) proteomes (Blagoev et al, 2004; Oyama et al, 2009; Hammond et al, 2010) . A comparison of our EGF-Ubiproteome with these EGF-pY proteomes, as well as with the phospho.ELM database (Diella et al, 2008 ) that contains experimentally validated pY-containing proteins, revealed a significant overlap between ubiquitinated and pY proteins ( Figure 6A , Supplementary Table S3 ). In total, 23% (61 of 265) of the EGF-Ubiproteome proteins are also tyrosine phosphorylated ( Figure 6A , Supplementary Table S3 ).
Pathway analysis of these 61 Ub/pY-containing proteins revealed a significant enrichment in endocytic and signaltransduction pathways ( Figure 6B ). Finally, 'hub analysis' revealed that Ub/pY-containing proteins are enriched in highly connected proteins to an even greater extent than Ub-containing proteins alone ( Figure 6C ). These data point to a complex Figure 5 Pathway analysis of the EGF-Ubiproteome. (A) Ingenuity pathway analysis. Enrichment plots of canonical pathways (x axis) built on the list of 265 EGFregulated proteins Ubiproteome (sum of the endogenous and the TAP approaches). The percentage enrichment, based on the ratio between the number of SILAC regulated proteins and the total number of proteins annotated in each pathway, is plotted on the right y axis (black line). The significance of the enrichment (gray bars) was calculated using the Benjiamini Hochberg multiple testing correction and is plotted on the left y axis as Àlog 10 of P-values; the higher the value, the more significant the enrichment (Àlog 10 of P¼0.05 is 1.30). (B) Network analysis of the EGF-Ubiproteome. Left panel, list of the 11 networks that reach high statistical significance (Po0.0001, see Supplementary information). Network, network ID number. Molecules, number of EGF-Ubiproteome proteins/total number of network proteins. Description, functional category based on MSigDB analysis. Relevance, percentage of proteins in functional categories relative to total proteins in the network. Right panel, unsupervised hierarchical clustering of the identified networks. Clusters were generated based on the number of proteins in common between networks divided by the total number of proteins present in each network ( Supplementary Table S3 ). The percentage of shared proteins is indicated by color code (white, 0%; red, X50%). (C) Hub analysis. The number of random sets of proteins containing hubs (proteins with more X5, 10 interactors as annotated in the BioGRID human interaction database (Stark et al, 2006) ) is displayed. The red dashed line indicates the position in the distribution of the EGF-Ubiproteome (265 proteins). y axis, number of random sets containing hubs (defined as above), x axis number of proteins defined as hubs. P-values indicate significance of the enrichment of hubs in the EGF-Ubiproteome based on this 'null' distribution. interplay between the Ub and pY networks and suggest that the flow of information from the receptor to downstream signaling molecules is driven by two complementary and interlinked enzymatic cascades: kinases/phosphatases and E3 ligases/DUBs.
Crosstalk between the EGFR and EphA2 signaling receptors
To provide a proof of principle of the biological relevance of our findings, we focused on EphA2, a receptor tyrosine kinase 
. 50% involved in development and often overexpressed in cancer (Pasquale, 2008) . We started from the observation that proteins of the EGF-Ubiproteome are indeed enriched in the Ephrin receptor signaling pathway(s) ( Figure 5A ) and that EphA2 displayed a ratio of 2.67 ( Supplementary Table S2 ).
Common proteins
NET Molecules Description Relevance
As an initial step, we validated the MS data. Upon EGF stimulation, we observed an increase in both the tyrosine phosphorylation and ubiquitination of EphA2, indicating a crosstalk between the two receptors ( Figure 7A and Supplementary Figure S9A ). Interestingly, the crosstalk was unidir- Supplementary  Table S3 . (B) Ingenuity pathway analysis. Enrichment plots of canonical pathways (x axis) built on the list of 55 EGF-induced Ub and pY-modified proteins. The percentage of enrichment (black line) is plotted on the right y axis. The significance of the enrichment (gray bars) was calculated using the Benjiamini Hochberg multiple testing correction and is plotted on the left y axis as the Àlog 10 of P-values. In bold, enriched pathways found also in the list of 265 EGF-Ubiproteome ( Figure 5 ). (C) Enrichment of hubs in the list of 55 EGF-induced Ub and pY-modified proteins, or 265 EGF-induced Ub proteins. Only proteins with five interactors or more, as annotated in the BioGRID human interaction database (Stark et al, 2006) , were considered for the analysis. Box plots and normal quantile plots are shown. Statistical significance of the difference in enrichment was calculated using Wilcoxon-Kruskal Wallis tests, one-way w 2 -approximation (JMP 5.1 software, SAS).
The EGF-induced ubiquitination network E Argenzio et al ectional, as stimulation with ephrin-A1 or -A5/Fc did not lead to EGFR activation ( Figure 7A ). We then assessed how the signal is transmitted from EGFR to EphA2. The two receptors do not appear to stably physically interact, as determined by co-IP (data not shown). However, the kinase activity, but not the cytoplasmic tail of the EGFR, is required for both modifications of EphA2 (Supplementary Figure S9A) . One possibility is that EphA2 phosphorylation might be a prerequisite for Cbl recruitment, as this E3 ligase has previously been shown to be involved in ligand-mediated EphA2 degradation (Walker-Daniels et al, 2002; Wang et al, 2002) . While this hypothesis deserves further investigation, we observed that prolonged EGF stimulation did not result in EphA2 degradation, indicating that EGF-induced EphA2 ubiquitination does not signal for degradation ( Supplementary  Figure S9C and data not shown) .
What is then the functional consequence of EphA2 ubiquitination? One obvious possibility is internalization. Thus, we investigated the effect of EGF stimulation on the localization of EphA2 by confocal microscopy. No strong changes were visible on the total level or distribution of EphA2, although a partial co-internalization with EGFR upon EGF activation was clearly detectable (Supplementary Figure S9B ).
While these data clearly demonstrate that EphA2 is a novel, downstream ubiquitinated target of EGFR, the role exerted by EphA2 ubiquitination on EGF signaling remains to be established. To start to assess the relevance of EphA2 to EGFR biology, we turned to the normal human breast epithelial cell line MCF10A that expresses both EphA2 and EGFR at significant levels (Supplementary Figure S9C) . siRNA knockdown (KD) of EphA2 resulted in reduced EGF-induced proliferation ( Figure 7B ) and migration ( Figure 7C ), indicating that this receptor is critically involved in these EGFR biological readout. These results, although preliminary, set the stage for future 'in depth' molecular studies and highlight the 'resource' feature of our EGF-Ubiproteome.
Discussion
Although the Ub system has been intensively investigated in the past two decades, its impact on cellular homeostasis remains largely unexplored. This is particularly true for the signaling functions of ubiquitination, which have emerged as a major regulatory mechanism of signal transduction (Chen and Sun, 2009 ). Here, we report the first analysis of the EGF-Ubiproteome, which reveals an unexpected degree of pervasiveness of growth factor-induced ubiquitination across several signaling pathways, and a similarly unanticipated level of integration between two distinct types of PTM-based signaling.
The steady-state Ubiproteome
We initially defined the steady-state Ubiproteomes in HeLa and B82-EGFR cells. By combining the two, we defined a list of 1472 NR proteins, which constitutes the largest collection of ubiquitinated proteins reported so far in mammals (Figure 2A and Supplementary Figure S3 ). The comparison with previously published Ubiproteomes shows a significant overlap, ranging from B60% for data sets obtained in non-stringent conditions to B75% for those obtained under stringent denaturing conditions (Supplementary Figure S3) . A distinct feature of our Ubiproteome is that it has been extensively validated. The effectiveness of our strategy is underscored by the fact that 495% of the tested candidates were shown to be bona fide ubiquitinated proteins (see Supplementary Figure  S3 and its legend). In addition, there is a substantial overlap between the HeLa (endogenous) and B83L-EGFR (TAP) Ubiproteomes, with B50% of 'mouse proteins' being present in the list of 'human proteins'.
The EGF-Ubiproteome
We used a stringent statistical analysis to identify 265 proteins, whose ubiquitination was regulated by activated EGFR. Thus, B18% of the steady-state Ubiproteome (265 of 1472) is modulated by an exogenous signal. As a kinetic analysis of the EGF-Ubiproteome was not performed, the above percentage likely underestimates the impact of EGFR on the Ub network.
A first obvious question is how EGFR, a receptor tyrosine kinase, transmits signals to the ubiquitination machinery to execute the modification of such a vast number of proteins. There is scarce literature on this topic. One known circuitry involves the E3 ligase Cbl, which binds to pY-sites on the EGFR The EGF-induced ubiquitination network E Argenzio et al (Levkowitz et al, 1999) and is then phosphorylated and activated (Kassenbrock and Anderson, 2004) . This leads to EGFR ubiquitination and might also facilitate ubiquitination of other receptor-associated molecules, among which Cbl itself (Magnifico et al, 2003) . Of note, the presence of nonproteolytic Ub chains on this E3 ligase ( Figure 4B ) suggests the existence of additional modes of regulation for this key Ub network player. Other effector enzymes (E2s, E3s, DUBs) might also be regulated though EGFR-mediated tyrosine phosphorylation. However, only three E3s (Cbl, Cbl-b and Huwe-1) and no E2s or DUBs have been identified in EGFR pY proteomes (Blagoev et al, 2004; Oyama et al, 2009 ). Conversely, we identified scores of Ub machinery enzymes in the EGF-Ubiproteome. These include E3s (Cbl, Cbl-b, Nedd4-2, RNF149, Rnf25, Huwe1, ZNF207, Znf319, Hectd1 and HERC4), E2s (Ube2O, UBE2Z, UBA2) and DUBs (JOSD1, USP15, ATXN3, USP11, USP5, USP34). The involvement of such a large number of effectors was unexpected. It appears, therefore, that regardless of the initial triggering mechanism (which must necessarily involve the kinase activity of the EGFR), the Ub signal is rapidly transmitted to, and amplified through, the Ub machinery. Similar to the phosphorylation cascade, in which critical enzymes such as kinases and phosphatases are often activated by phosphorylation, Ub enzymes may be regulated by ubiquitination (see for example Woelk et al, 2006; Ring1B (Ben-Saadon et al, 2006) ). The impact of EGFR-mediated ubiquitination on the activity of E3s, E2s and DUBs warrants further investigation. A second line of EGF-regulated ubiquitination events impinges on endocytic and signaling proteins. While these pathways are known factors in the Ub network, the magnitude of their involvement is somewhat surprising. EGF-regulated ubiquitination is involved in both clathrin-dependent and -independent endocytosis, in dozens of intracellular signaling circuitries, in cell-to-cell and cell-to-substrate adhesion mechanisms, and in actin remodeling. It seems, therefore, that EGFR-dependent ubiquitination intersects all aspects of signaling; the biochemical circuitries (such as PI3K-, 14-3-3-, JAK/STAT-and PTEN-related); the components that confer spatial and temporal dimensions to signaling (endocytosis); the coordinated modifications in cyto-architecture and relationships with the external milieu (actin, integrins, ephrins) that are necessary for the execution of complex signaling programs. As a proof of principle we investigated the functional link between EGFR and EphA2 and we demonstrated that activation of this signaling receptor is indeed required for EGF-mediated proliferation and migration (Figure 7) . This result is particularly relevant considering that downregulation of EphA2 has been shown to decrease malignant phenotypes of cancer cells in vitro and to inhibit tumor growth in several mouse cancer models (Pasquale, 2008 and references therein) . How this and other crosstalk are achieved, in mechanistic terms, remains to be elucidated. The emerging picture, however, is that the impact of ubiquitination on receptor-activated pathways might be as profound and as vast as the canonical pY-based network.
Finally, a third line of ubiquitinated proteins connects EGFR activity to many other aspects of cellular physiology, including DNA repair, nuclear transport, mRNA processing, various metabolic pathways and ribosome biogenesis. In the latter case, recent literature suggests that ubiquitination and degradation of ribosomal proteins might be a general mechanism adopted by mammalian cells to control ribosome production that can be adjusted according to cellular needs (Caldarola et al, 2009 and references therein) . It remains to be established whether the EGFR-dependent ubiquitination of ribosomal proteins, uncovered herein, serves to regulate their degradation or has other, yet to be discovered, non-proteolytic functions.
One intriguing connection concerns EGF regulation of the solute carriers (SLCs)/transporters (validation of SLC3A2 is reported in Figure 4 ). These molecules are gatekeepers for cells and organelles, and control the uptake and efflux of important metabolites such as sugars, amino acids, nucleotides and inorganic ions. Almost all categories of SLCs are represented in our EGF-induced Ubiproteome, and all are hyperubiquitinated upon EGF stimulation ( Supplementary  Table S2 ). A growing body of biochemical and biophysical evidence suggests that these transporters are modulated by trafficking, and that the Ub modification is the signal for their internalization and/or lysosomal degradation (Miranda and Sorkin, 2007) . Moreover, while transactivation of EGFR elicited by activation of the Na( þ )/K( þ )-ATPase has been described (Xie, 2003) , our data demonstrate, for the first time, the EGF-induced regulation of SLC proteins. In this context, it is worth mentioning that EGFR is able to interact directly with SLC5A1/SGLT1, stabilizing the sodium/glucose cotransporter and facilitating glucose transport into cells (Weihua et al, 2008) . The mechanisms through which EGFR can trigger the ubiquitination of SLCs, and the ultimate functional significance of the modification remain to be elucidated: a line of investigation that may have important implications also for neurological diseases (Tzingounis and Wadiche, 2007) and cancer (Engelman and Cantley, 2008; Nicklin et al, 2009) , where alterations of SLCs have an important pathogenetic role.
Connectivity of the EGF-Ubiproteome
The EGF-Ubiproteome displayed remarkable connectivity-a possible indication of a wide pervasiveness of this network in cell regulation-organized into three levels. The first level is represented by intra-network connectivity. Indeed, the proteins of the EGF-Ubiproteome grouped into two major clusters, enriched in proliferation/inflammation and apoptosis/adhesion/cell cycle signatures ( Figure 5 ). This result suggests that the EGF-regulated Ub network is a rather compact infrastructure, which allows coordinated control by EGFR of a multiplicity of signaling mechanisms. This 'core' regulatory network then reaches out to intersect (level 2 of connectivity) virtually every aspect of intracellular signaling, as discussed in the previous section.
Finally, a third level of connectivity is represented by the considerable overlap between the EGF-induced Ubiproteome and pY proteome. These two PTM-based networks can be conceptualized as two overlapping, diffusely interconnected, matrices through which the EGFR transduces signals to make them readable to the cell. How this is achieved remains to be established and will require high-resolution studies, probably on a protein-by-protein basis. In principle, ubiquitination might control the stability and/or degradation of The EGF-induced ubiquitination network E Argenzio et al pY-containing proteins (Hunter, 2007) . In this context, the EGFR might exert dual control on the activation (through pY) and deactivation (through Ub) of signaling pathways. We note, however, that the EGFR mostly induces K63-linked ubiquitination ( Figure 4 ). This modification has been linked to the signaling ability of Ub, rather than to its degradation properties (Woelk et al, 2007) . It is thus possible that EGFR-induced ubiquitination adds a layer of signaling complexity to the canonical pY-based circuitry of EGFR signaling.
The ability of the proteins of the EGF-Ubiproteome to nucleate clusters of interactions was mirrored by their enrichment in 'hubs', which became even more evident when dually modified (pY and Ub) proteins were considered. Hubs are proteins that form critical interconnections between signaling pathways and are points of fragility of signaling networks (Amit et al, 2007) . As such, they represent ideal targets for pharmacological intervention. However, detailed molecular knowledge of the mechanisms of interconnectivity of hubs is indispensable to predict the results of 'hub interference'. Our results might thus be relevant for the identification of therapeutic targets, and to determine appropriate strategies of intervention in pathological conditions in which subversion of signaling by EGFR (and other receptor tyrosine kinases) is relevant, such as cancer. ratio over all three experiments. To obtain 'high-confidence data sets' of quantified proteins, we adopted four filtering criteria, according to which proteins should (i) be represented by at least two peptides, one of which should be unique for the protein sequence; (ii) be identified in at least two of the three biological replicates; (iii) be quantified on at least three peptide pairs (heavy and light versions of the same peptide), referred to as ratio counts; (iv) not be present to a similar degree in the control purification (see Supplementary Table S1 and its legend for list of contaminants present in the control purification).
The filtering procedure to define potential regulated proteins, the identification of ubiquitination sites and the quantitation of the 'signature peptides' are described in the Supplementary information.
Clustering and functional analysis
Bioinformatics analyses were performed with online tools or tools available in-house, as described in the Supplementary information.
